The essential metals iron, zinc and copper deposit near the Aβ (amyloid β-peptide) plaques in the brain cortex of AD (Alzheimer's disease) patients. Plaque-associated iron and zinc are in neurotoxic excess at 1 mM concentrations. APP (amyloid precursor protein) is a single transmembrane metalloprotein cleaved to generate the 40-42-amino-acid Aβs, which exhibit metal-catalysed neurotoxicity. In health, ubiquitous APP is cleaved in a non-amyloidogenic pathway within its Aβ domain to release the neuroprotective APP ectodomain, APP(s). To adapt and counteract metal-catalysed oxidative stress, as during reperfusion from stroke, iron and cytokines induce the translation of both APP and ferritin (an iron storage protein) by similar mechanisms. We reported that APP was regulated at the translational level by active IL (interleukin)-1 (IL-1-responsive acute box) and IRE (iron-responsive element) RNA stem-loops in the 5 untranslated region of APP mRNA. The APP IRE is homologous with the canonical IRE RNA stem-loop that binds the iron regulatory proteins (IRP1 and IRP2) to control intracellular iron homoeostasis by modulating ferritin mRNA translation and transferrin receptor mRNA stability. The APP IRE interacts with IRP1 (cytoplasmic cis-aconitase), whereas the canonical H-ferritin IRE RNA stem-loop binds to IRP2 in neural cell lines, and in human brain cortex tissue and in human blood lysates. . Disrupted iron metabolism in PD was detected by histological Perl's staining of the SN (substantia nigra) region of brain sections, whereas, more recently, specific wavelength dispersive electron probe X-ray mi-
croanalysis coupled with cathodoluminescence spectroscopy showed iron levels to be increased almost 2-fold in single SN neurons in PD (mean neuronal iron 2838 compared with 1611 arbitrary pixel units by imaging, P < 0.0001) [2] .
Iron, in excess, is linked to neuron loss in the AD brain, wherein neurotoxic damage has been often associated with oxidative damage in affected brain cortex specimens [5] , as demonstrated by enhanced membrane peroxidation by TBARS (thiobarbituric acid-reacting substances) and induced 8-oxoguanine accumulation in the DNA [6] . Haem binds Aβ (amyloid β-peptide) and has altered metabolism in the AD brain [7] , where iron in the reduced Fe 2+ state may accelerate cell damage by catalysing toxic hydroxyl radical formation. Here, iron imbalance may well have caused protracted cellular oxidative stress by iron catalysis of O 2 ᭹ [and superoxide (O 2 − )] to generate toxic hydroxyl radicals as a result of Fenton chemistry (see [8] for a review).
Fe
2+ + H 2 O 2 → Fe 3+ + OH − + OH ᭹ Iron and copper significantly enhanced the toxicity of Aβ in cultured neural cells, providing a direct link between excessive iron and loss of neuronal function seen in AD patients [9, 10] .
Metals provide one of the ultrastructural requirements needed for polymerization of Aβ in addition to pathological chaperones such as ACT (α1-antichymotrypsin) or ApoE (apolipoprotein E) [11] . Elemental profiles (sulfur, iron, copper and zinc) were observed microscopically to physically associate with amyloid plaques using synchrotron-scanning μ-XRF (X-ray fluorescence microscopy) [12] . This integral role iron plays in the aetiology of AD pathology was supported from MRI (magnetic resonance imaging) studies that revealed disease-associated elevated levels of ferritin iron, particularly in the neurons of the basal ganglia [13] . Spectroscopy confirmed that amyloid plaques harbour an increased burden of iron, copper and zinc [14] , in which iron and zinc levels were at concentrations as high as the 1 mM level in the vicinity of amyloid plaques. Neurofibrillary tangles that are the second major hallmark of AD are negatively charged and capable of binding iron, which promotes further neurotoxicity during disease progression [15] .
The intracellular iron chelator DFO (desferrioxamine) was at first thought to provide clinical benefit to the AD patient by removing the aluminium neurotoxic effect [16] , but its therapeutic capacity now appears to be in line with the action of the DFO chelator to remove excess iron as Fe 3+ and thus decelerate disease progression [17] .
Genetic links between iron and AD
Genetic evidence implicates synergy between the C282Y allele of the HFE (haemochromatosis) gene and the C2 allele of transferrin (blood iron carrier protein) as risk factors for developing AD [18] . Consistent with this, overexpression of the common HFE H63D and C282Y mutations in SH-SY5Y neuroblastoma cells lines enhanced expression of oxidative genes and mitochondrial gene expression patterns to lower mitochondrial membrane potential and lipid and protein peroxidative stress, similarly to events observed in the AD brain [5, 19] . Transgenically expressed H-ferritin (heavy ferritin)-null mutants were found to be lethal in the homozygous state, but heterozygotes exhibited reduced H-ferritin expression and an altered mouse brain gene expression profile that mimicked iron management seen in AD and PD [20] . Also brain metallothionein-III, a known potent copper/zincbinding antioxidant protein, was measured to be lowered in the AD brain compared with control subjects [21] . Significant to the regulation for ferritin being associated with disease progression, mutation in the IRE (iron-responsive element) RNA stem-loop of the H-ferritin transcript caused autosomal dominant iron overload [22] , and mice with the IRP2 (iron-regulatory protein 2) gene knocked out express a neurodegenerative phenotype reminiscent of PD [23] (see Figure 3 ).
APP (amyloid precursor protein) and ferritin expression is cytoprotective from iron-catalysed oxidative stress
APP is expressed in most cell types, both brain-derived and other tissues, including blood cells. In the amyloidogenic pathway, APP is a transmembrane metalloprotein [24] that is cleaved by β-secretase, also known as BACE (β-site amyloid precursor protein-cleaving enzyme), and γ -secretase (presenilin-associated complex) to generate the neurotoxic 40-42-amino-acid prefibrillar amyloid [25] . During the non-amyloidogenic pathway of APP metabolism, α-secretase is the zinc-metalloprotease that cleaves APP in the Aβ-peptide domain to release the 90 kDa ectodomain of APP [APP(s)]. In fact, APP(s) is at the highest physiological abundance when secreted from the α granules of platelets in response to thrombin, where secreted APP can act as an anti-coagulant by binding to Factor IXa, leading to the production of fibrinogen from fibrin [26] .
In health, the natural function of ferritin is for iron storage, and intrinsic ferroxidase activity imparted by its H-subunit protects endothelium from haem-aggravated oxidative stress as occurs during stroke and related diseases [27] . Likewise the secreted ectodomain of the membrane-associated APP, APP(s), was shown to protect neurons during conditions of haem release during haemorrhagic stroke [28, 29] , and this neurorescue activity was imparted via the RERMS domain immediately downstream of the KPI (Kunitz protease inhibitor) domain of APP(s) [30] . We reported that secretion of the APP is increased after IL (interleukin)-1-mediated stress responses by translational up-regulation of APP mRNA translation at the same time by as induction of α-secretase activity to generate the 90 kDa APP(s) [31] . These finding are consistent with existing published data that APP provides protection against catalysed oxidative stress, e.g. from mini-haemorrhagic lesions during the pathogenesis of AD or from ischaemic lesion and reperfusion after stroke [29] .
APP translational control by iron and IL-1 (ferritin model)
The 3 kb APP transcript binds to many RNA-binding proteins, including proteins that bind to the AU-rich stability element in the 3 -UTR (untranslated region) of the transcript [32] . Most recently, the polyG quartet of the coding region of the APP transcript was demonstrated to bind to the FMRP (fragile X mental retardation protein), indicating that postsynaptic FMRP binds to and regulates the translation of APP mRNA through metabotropic glutamate receptor activation [33] . An IRE-like RNA stem-loop sequence was hypothesized for the coding region of APP mRNA near the Aβ domain ( Figure 1 ) [6] . However, as discussed below, the only bone fide and fully functional IRE RNA stem-loop that controls iron-dependent APP expression is present in the APP 5 -UTR [17, 34] . Overall, the APP transcript can be seen as a ribonucleoprotein complex in which both IRP1 and IRP2 bind at its 5 -UTR site, FMRP binds to its coding region, whereas the U-rich AUF [ARE (AU-rich element)/poly(U)-binding/degradation factor] protein binds to the APP 3 -UTR to control mRNA stability according to serum status ( Figure 1 ). In terms of AD pathology, we note that the APP IRE RNA secondary structure may be disrupted in the presence of an adjacent 5 -UTR-specific SNP (single nucleotide polymorphism) that has been genetically linked to increased risk for spontaneous AD [35] .
IRPs control the translation of ferritin and APP mRNAs
Ferritin is the universal iron storage protein composed of a mixture of 24 subunits of light (L) and heavy (H) subunits. TfR (transferrin receptor) is responsible for transferrinmediated iron transport from the blood into cells, and the regulation of iron homoeostasis is controlled by IRP binding to IREs in the UTRs of both of these key transcripts.
We found that intracellular levels of APP (and hence brain Aβ), like ferritin, is closely regulated at the translational level by an active IRE RNA stem-loop in the 146 nt 5 -UTR of APP mRNA [31] . Mutation in the H-ferritin IREs has been shown to cause human genetic diseases associated with perturbed iron metabolism (iron overload) [22] , whereas a well-described SNP associated with AD risk exists in the APP 5 -UTR [35] .
IRP1 and IRP2 control ferritin mRNA translation and TfR mRNA stability [8] (Figure 2 and 3 ). IRP1 and IRP2 bind at high affinity (K d 40-100 pM) to the highly conserved IRE RNA stem-loops at the 5 cap sites of the L-and H-ferritin mRNAs and the 3 -UTRs of TfR mRNA {other iron-specific transcripts also interact with IRP1 and IRP2 [36] , including eALAS (erythroid isoform of aminolevulinate synthase) (haem biosynthesis)} [37] . Iron influx increases ferritin mRNA translation by releasing IRP1-IRP2 binding to the 5 cap site IRE stem-loop, and the same IRP1-IRP2 interactions control TfR mRNA stability by 3 -UTR-specific IREs [36] . Relative to IRP2, IRP1 appears to be less critical as the iron-dependent mediator of the post-transcriptional regulation of intracellular ferritin and TfR levels, since only the IRP2-knockout mice exhibited a disruption to iron metabolism and caused an ataxia associated with neurodegeneration [23] . IRP1 exhibits a dual role as an RNA repressor protein in the absence of iron (binding tightly to IREs and preventing ribosome access to the 5 cap sites of ferritin mRNAs), whereas iron promotes the formation of an [4Fe-4S] cluster in IRP1, which then exhibits enzymatic activity as a cytoplasmic cis-aconitase and no longer binds to IREs [6] . IRP2 is destabilized under conditions of iron influx, whereas IRP2 avidly binds the canonical IREs in ferritin and TfR mRNAs when intracellular iron is chelated [6] .
We reported that APP gene expression is controlled in response to cellular iron levels by related, but distinct, pathways to those governing ferritin translation. We established the presence of high-affinity binding of IRP1, and potentially IRP2, to radiolabelled probes for the precursor 5 -UTR (using both SH-SY5Y cells and recombinant IRP1) [17] . Work in progress is testing the relative strength of the IRP1-IRP2 interaction to APP mRNA in human brain (AD compared with control subjects). Figure 1 shows that the 3 kb APP mRNA sequence encodes two RNA stem-loops, encoding two 35 nt stretches related to the canonical IREs RNA stemloop in ferritin mRNA, but transfection experiments validated the presence of the fully functional IRE (APP IRE-1) in APP 5 -UTR sequences [17, 38] . It will be critical to determine whether IRP1 or IRP2 binds more selectively to the APP 5 -UTR, and whether this interaction drives Iron transit across the cell-surface membrane is mediated by (i) ferrotransferrin internalization by the TfR, (ii) DMT1 (divalent metal transporter 1), and (iii) ferroportin-mediated iron efflux from the duodenum into the blood. Ferritin mRNA translation is regulated by the modulated interaction between the IRPs and the IREs in the 5 -UTR of ferritin mRNA. MAPK signalling events influence ferritin translation and TfR activity and expression. AB, Aβ; eALAS, erythroid isoform of aminolerulinate synthase; Epo, erythropoietin; Hmw, high-molecular mass; Lmw, low-molecular-mass; PKC, protein kinase C; Stats, signal transducers and activators of transcription; TRH, thyrotropin-releasing hormone.
iron-responsive APP mRNA translation and even mediates DFO-dependent therapeutic repression of neural APP (and amyloid) expression in vivo in human blood and brain tissue.
IL-1, APP and ferritin translational regulation: the role of poly(C)-binding proteins in their 5 -UTR acute box sequences IL-1-positive microglial cells cluster around amyloid plaques, a phenomenon that also occurs after brain trauma, but illustrates that inflammation is a major component of AD pathophysiology. The primary inflammatory cytokine IL-1 is present at enhanced levels in the brains of patients with AD and Down's syndrome [39] Meta-analysis has supported a significant association between the T/T genotype of the IL-1α gene and AD in which carriers of the IL-1α promoterspecific T/T genotype experience onset of AD 9 years earlier than do carriers of the IL-lα C/C genotype [40] .
IL-1, in addition to iron, regulates the translational control of both the L-and H-subunits of ferritin via distinct acute box domain sequences downstream of the IREs in their 5 -UTRs [41] . We demonstrated that the 5 -UTR of APP mRNA [42] is also IL-1-responsive through a related acute box domain [41] (Figures 2 and 3 ). In the case of ferritin, IL-1 stimulates the H-subunit gene expression at the level of mRNA translation as mediated by pyrimidine tract RNA poly(C)-binding proteins (CP-1 and CP-2), operating through the GC-rich IL-1-responsive acute box domain in the H-ferritin mRNA 5 -UTR which is 105 nt downstream from the 5 -cap-specific IRE in H-ferritin mRNA [41] . The APP mRNA acute box domain, like H-ferritin, is located immediately upstream of the start codon and may well also interact with CP-1 and CP-2 ( Figure 3) .
Like IRP1 and IRP2, the poly(C)-binding proteins (CP-1, CP-2, CP-3 and CP-4) are important in the posttranscriptional regulation of genes involved in iron metabolism (among other functions), including the translational control of 15-lipoxygenase (red blood cell nuclear membrane during erythropoeisis) [43] , and in controlling α-globin mRNA stability during erythropoiesis [44] . Most interestingly, levels of the poly(C)-binding proteins in brain are increased after hypoxic assault (as in ischaemic stroke) [45] , suggesting a link whereby CP-1 and CP-2 may themselves drive the translational activation of brain ferritin and APP generate neuroprotection after stroke. After the stoppage of blood flow to the brain during ischaemic stroke, the abundance of APP(s) levels are dramatically increased in region of the rat brain in the penumbra of an ischaemic lesion caused by mid-artery occlusion [29] . . CP-1 and CP-2 mediate H-ferritin mRNA translation via the GC-rich IL-1-responsive acute box domain which is immediately in front of the H-ferritin start codon. IL-1 activates the 60S ribosome joining in the presence of iron after the removal of both CP-1 and CP-2 from the acute box, an event that occurs in the presence of iron where CP-1 binding to the acute box is replaced by CP-2. Right-hand panel: under investigation is the model for the iron-induced change of IRP1 interaction with the APP IRE to activate either 5 cap translation or internal 40S ribosome entry and the onset of APP protein synthesis. Under conditions of low intracellular iron levels (i.e. iron chelation with DFO), IRP1 may bind at a higher affinity to the APP IRE to repress precursor translation. A role for CP1 and CP2 has yet to be determined for IL-1 activation of 60S ribosome subunit joining to the APP acute box in the presence of normal levels of intracellular iron.
Using astrocytes, we reported that short-term IL-1 (6-24 h) induced an increase in APP gene expression at the level of mRNA translation [3] , while co-inducing α-secretase activity [ADAM (a disintegrin and metalloproteinase)-10 and ADAM-17] [31] expression, as a non-amyloidogenic pathway of increased neuroprotective APP(s) production. We concluded that an astrocytic p38 MAPK (mitogen-activated protein kinase) mediates a short-term IL-1-dependent burst of secretion of neuroprotective APP(s) in this novel nonamyloidogenic pathway [31] . Therefore, via the translational control pathway shown in Figures 2 and 3 , IL-1 may induce astrocytes as key generators of increased production of neuroprotective APP(s), which is released to stressed neurons during an acute-phase response, such as occurs during stroke. In contrast, in the long term, this prolonged IL-1-activation of astrocytes and neurons in the AD brain may be corrupted towards pro-amyloidogenic events of increased APP translation, with the development of amyloid protofibrils and neurodegenerative events.
The metalloprotein-attenuating agent, clioquinol, representing a low-affinity metal-sequestering agent [46] , dissolved amyloid plaque formation and prevented cognitive decline in mice [46] and in human clinical trials. However, therapeutics based on iron chelation are consistent with earlier reports of a decreased rate of decline of AD in patients treated with intramuscular DFO (K d for binding Fe 3+ of 10 −31 M) [16] .
